Abstract: Positron annihilation lifetime spectroscopy (PALS) has been used to determine the free volume in multiblock polyamide-6/poly-(isoprene) copolymers (PA-6/PI), synthesized via activated anionic bulk copolymerization. The diisocyanate functionalized telechelic PI, blocked with caprolactam (CL) has been used as a commoner and an activator at the same time. The elastic PI block incorporated into the main chain of PA-6 affects the amorphous and crystal phase of the copolymer leading to changing in degree of crystallinity. The positron annihilation lifetime spectroscopy (PAL) and Doppler broadening of annihilation line (DBAL) technique in a set of pure PA-6 and PA-6/PI copolymers with two different compositions have been applied and evaluation of the size of free-volume holes (pores), localized mainly in the disordered regions of the PA-6/PI copolymer by measuring the o-Ps lifetime (τ 3 ) and o-Ps intensity (I 3 ) has been performed.
Introduction
In the recent years PALS proved itself to be a very useful tool for direct evaluation of the size of freevolume holes (pores), localized mainly in the disordered regions of the polymers [1] . The method is based on the well-established fact that ortho-Positronium (o-Ps), a bound triplet state of an electron and a positron, tends to be localized in regions of lower electron density interpreted as "free volume holes or pores". The time of o-Ps self-annihilation in vacuum is ~140 ns. In the matter, the positron of o-Ps can pick-up one of the medium electrons with opposite spin and annihilates in several nanoseconds, the so-called pick-off process. The o-Ps lifetime depends on the pore sizes. Assuming a spherical hole model, the free-volume hole radius (R) can be estimated from the measured o-Ps lifetime [2] . The following processes, besides annihilation of o-Ps, result from positron penetration into condensed matter: annihilation of positron as a free particle, annihilation of positron after its trapping in a vacancy type defect, and self-annihilation of para-positronium (p-Ps), the singlet bound state of an electron and a positron.
In most literature reports, this method has been applied for polymers and copolymer blends [3] [4] [5] , and for N-6 and N-66 on the quenched films [6] . Here, we study the free-volume holes size and their concentration in block copolymers of PA-6 with telechelic PI by PALS.
Experimental Procedures

Materials
Hexanelactam (HL), (BASF) was used after drying under vacuum at 60 o C for three days. The initiator, sodium salt of caprolactam (Na-CL), was synthesized and purified according to [7] . Hexamethylene diisocyanate HM (1,6-diisocyanatohexane) (Merck) was used without further purification.
Synthesis
Synthesis of Polyisoprene Prepolymers
The synthesis of (α,ω)−hydroxyl PI (PI-OH) was performed by living anionic polymerization technique as described previously [8] . In order to obtain (α,ω)−hydroxyl functionalized PI, the polymerization was terminated by an excess of ethylene oxide (EO) [9] . The reaction mixture was acidified with a certain amount of 10% HCl.
Functionalization of the telechelic PI with HM
Polyethylene oxide-Polyisoprene-Polyethylene oxide (PEO-PI-PEO) (1 mol, Mn = 11000) and HM (2.2 mol) were dissolved in THF (Merck, extra dried), in a flask equipped with a stirrer, reflux condenser, argon purge, and thermometer. The procedure was carried out at 50 o C for five hours. The functionalized prepolymer was characterized by IR spectroscopy (1105.1 cm -1 for C-O-C; 1640 cm -1 for the double bonds in polyisoprene (-C=C-), 744.1, 1375.1, 2727.5 and 2925.5 cm -1 for CH 2 ; 3334.9 cm -1 for NH; and 2269.9 cm -1 for isocyanate groups).
The polymeric activators (PACs) were synthesized "in situ" via blocking with HL.
Copolymerization
Series of polyamide 6 -poly (isopren) -polyamide-6 multiblock copolymers were synthesized via anionic copolymerization. The copolymerizations were carried out with initiator NaCL (1 mol% to the monomer quantity) at 180 o C for two hours with an ampoule technique according to [10] . The PACs component was chosen to be 2, 5% (w/w). The description of the samples used is given in Table 1 . The block copolymers were proved by 1 H NMR. All peaks characteristic for PA-6 and PI were observed: the peaks at 0.99; 1.25; 2.23 and 3.06 ppm characterized the PA-6 segments and the peaks at 5.2; 5.45; 5.05 ppm are due to the PI segments.
Analysis
The PEO-PI-PEO prepolymer was characterized by gelpermeation chromatography (GPC), 1 H NMR ( The intrinsic viscosity ([h]) of the multiblock copolymers was obtained in 96% sulfuric acid. The average viscometric molecular weights (Mv) were calculated by the Mark -Houwink equation according to [11] . The samples containing gel fractions were filtered. The soluble fraction was used for further viscometric measurements.
The degree of conversion of the multiblock copolymers was followed, stopping the polymerization process at a certain stage. The removal of the by products, as well as of the unreacted monomers, proceeded by extraction with toluene for eight hours in a Soxhlett apparatus and drying in vacuo at 60°C until a constant weight was reached.
WAXD was carried out with TUR -62 diffractometer, digital output at constant time three seconds, Cu α radiation (Secondary graphite monochromatic) in reflection mode. The degree of crystalline as the ratio between the sum of integrated intensities of all crystal peaks and total integrated intensity was determined from WAXD pattern.
Positron Annihilation Lifetime Spectroscopy (PALS)
Positron lifetime measurements
The lifetime spectrometer was a standard fast-fast coincidence apparatus, which provides a time resolution of 245 ps FWHM. The positron source was 22 NaCl between two thin (~1 mg cm -2 ) Kapton foils. The usual sandwich type of sample-source-sample was used in positron lifetime measurements. The part of positrons annihilating in the source was taken into account during the spectra processing, and was calculated by the program "Layer" [12] . The statistics of positrons annihilating only in samples studied were of the order of 10 6 counts for each spectrum. Four spectra were recorded for each sample. About four months after the first measurement, a second one with greater statistics was done in order to check ageing of the samples in air at room temperature. The spectra were analysed by:
the PATFIT code [ a.
13], supposing 3 or 4 (only for spectra with greater statistics) discrete lifetime components without any constraints; the CONTIN program [ b.
14-15] to get the distribution of pore sizes (radius). The lifetimes τ i and their relative intensities I i represent weighted average of the values obtained from all spectra, registered for a given sample. These spectra were also summed to obtain one spectrum for each sample with great statistics, which were analyzed by CONTIN. As a reference spectrum, the positron lifetime spectrum of In was used.
Doppler Broadening of the annihilation gamma line (DBAL) measurements
Doppler Broadening of the 511 keV annihilation γ-line was measured by a high purity germanium detector of energy resolution 1.2 keV at 514 keV γ-line of 85 Sr. The usual S and W parameters were used to characterize the shape of annihilation line [16] . The S and W values presented in the paper represent mean weighted average of eight measurements.
Results and Discussion
PALS measurements
The multiblock copolymers of PA-6 with telechelic PI were synthesized via anionic polymerization of ε-caprolactam with sodium salt of ε-caprolactam (Na-CL) as the initiator in the presence of diisocyanate terminated telechelic PI 10 . The polymerization was stopped at different polymerization times (30, 60 and 120 min) and samples with different degree of conversion and crystallinity were obtained ( Table 2, Fig. 2 ). The content of the soft PI block in PA-6/PI copolymers was also varied from 2% to 5% (98:2 and 95:5 PA-6/PI) in order to follow the changes in the free volume hole size according to the composition of the copolymers.
The positron lifetime measurements were performed on the samples of pure PA-6 and samples of PA-6/PI block copolymers (98:2 and 95:5 PA-6/PI). Initially, the variation of the free volume hole size with the polymerization time and PI content has been monitoring by PATFIT program supposing three positron lifetimes. Two shorter lifetimes τ 1 and τ 2 , which are attributed to the anihilation of p-Ps and the free positrons are considered as insensitive to the structural changes [17] . Therefore only the longer lifetime τ 3 due to the pick-off anihilation is presented. This longer lifetime, which is related to the pore radius, is of interest since it includes the effects of positron and positronium interactions with the surrounding medium and it is sensitive to the changes in the medium.
The o-Ps lifetimes (τ 3 ) of PA-6 and PA-6/ PI block copolymers as a function of polymerization time and PI content are presented in Fig. 1 . The o-Ps lifetime (τ 3 ) and consequently the pore radius decrease with the polymerization time due to formation of gel fraction during the polymerization process as a result of numerous side reactions which occur during the copolymerization leading to branching and building of a network. The gel fraction as well as degree of crystalline increase with the polymerization time and influence the o-Ps lifetime (Fig. 2) . Therefore, the both factors: crosslinking and availability of crystalline regions in block copolymers hinder the conformational motion of the macromolecules, resulting in the small size of the free volume holes and lower values of the O-Ps lifetime (τ 3 ). As expected, the pore size enhanced for a given τ pol when the content of PI increased from 2% to 5% in the PA-6/PI copolymers (Fig. 1, Table 2 ). The increased content of the elastic PI blocks in the PA-6/PI copolymers leaded to more pronounced changes in the degree of crystallinity. The higher content of PI blocks incorporated in the main chain of the copolymer inhibits the regular alignment of the polyamide chain, leading to lower degree of crystallinity as a result of the increased amorphous regions (Fig. 2) .
It is known that o-Ps intensity (I 3 ) is proportional to the number concentration of the free-volume holes, although recently, there are some facts not in agreement with this interpretation [18] . Fig. 3 shows the long life component intensity change as a function of the polymerization time in the samples of PA-6 and PA-6/PI copolymers. Apparently, the number concentration of free-volume holes of PA-6 and PA-6/PI copolymers coincides in the error limits and does not depend on the polymerization time after some ceiling degree of conversion, which occurs when the monomer/polymer equilibrium at PA-6/ PI copolymerization is reached (Table 2) .
Doppler broadening of annihilation gamma line
As a result of positron annihilation, p-Ps self -annihilation and pick-off annihilation of o-Ps, two gamma quanta with energy of 511keV spreading in opposite direction originate. Due to the momentum of the electron taking part in the annihilation, the 512 keV gamma line is broadened. This Doppler broadening of the annihilation line (DBAL) can also be used to get information about the defect structure of the studied material. The usual S and W parameters are used to characterize the shape of annihilation γ line [16] . The S and W values presented in the paper represent the mean weighted average of eight measurements. The interdependence between Sand W-parameters is shown in Fig. 4 . The line is a linear least squared fitting to the experimental data, obtained for all samples, except for samples obtained at the earlier stage of the polymerization process ( Table 2 , entries №1 and №5). As seen, all experimental points lie in the error limits on the line, whereas the two experimental points, due to the samples №1 and №5 are close, but not on the same line. The common explanation of linear S-W plot [19] observed in some cases when several types of defects exist in the samples studied [20] . In M. Misheva et al. [21] the experimental points that refer to samples with different microstructures lie on different straight lines. It seems that the S-W plot permits the classification of the studied materials on the basis of their defect structure. These results were confirmed by PL measurement using the CONTIN program.
Distribution of pore sizes (radius) in PA-6 and PA-6/PI copolymers by CONTIN program
When using the CONTIN program for data processing, there is no need to make an assumption about the number of positron lifetimes in the samples studied. Moreover, the results from CONTIN can be used to choose the correct number of lifetimes when using the PATFIT program. Using the so-called Eldrup-Tao model [22] [23] from the annihilation rate Probability Density Functions (PDFs), α(λ), obtained by CONTIN, the pore radius PDFs, f(R), can be calculated by means of the expression.
( )
Here R is the spherical pore radius, R 0 = R+∆R, ∆R=0.1656 nm is an empirically determined constant 2 and f(R)dR is the probability to find pore radius between R and R+dR. As an example the pore radius PDFs for the samples at ratio 95:5 PA-6/PI is presented in Fig. 5 . In the present case, CONTIN shows that for the sample obtained at a polymerization time of thirty minutes, when the monomer/polymer equilibrium is not reached, CONTIN gave two different o-Ps lifetimes. For the rest of the samples when the monomer/polymer equilibrium is reached, only one long lifetime is observed, which can be ascribed to o-Ps pick-off process (Fig. 5) .
This implies the existence of free-volume holes of two different sizes in the former case (1.80 Ǻ and 3.06 Ǻ), and one size in the latter cases (2.60 Ǻ). The considerable difference between the structure of the samples №1, №5 and the rest as seen by o-Ps atom is due to changes in the chemical composition occurring with the conversion. According to the mechanism of the anionic polymerization, the part of hard (PA-6) blocks increases toward the part of elastic (PI) blocks during the polymerization process. Schematically, the microstructure of the PA-6/PI copolymer could be presented as consisting of two phases. The copolymers are semicrystalline and contain crystalline parts from PA-6 and amorphous phases: the A from PA-6 and B from PI. The pore structure of the two amorphous regions (A and B) seems to be the same after reaching the monomer/polymer equilibrium and this is confirmed by the existence of only one o-Ps lifetime.
Conclusion
PALS has been successfully applied on multiblock PA-6/PI copolymers obtained via activated anionic bulk copolymerization. Good correlation between o-Ps lifetimes (τ 3 ), o-Ps intensity (I 3 ) and the polymer composition has been observed. The polymerization time and increased content of elastics PI block in the semi-crystalline PA-6/PI copolymer lead to changes in τ 3 and I 3 depending on the copolymer composition, the presence of gel fraction, degree of conversion, as well as the degree of crystallinity. It has been established that the o-Ps lifetime and pore radius decreased and their concentration did not change significantly when monomer/polymer equilibrium was reached. Obviously, PALS is a very good and efficient method for analyzing and characterization of the structure and molecular motion in the PA-6/PI block copolymers. 
